We report graphite-free laser etching of diamond surfaces using 266 nm laser pulses for a wide range of incident fluences below the threshold for ablation. The etching rate is proportional to the (fluence)
Introduction
There is currently intense interest in diamond micro-and nano-structured devices for use in applications as diverse as quantum information science [1, 2] , nano-electromechanical systems [3] and diamond Raman lasers [4] . Diamond is one of the most challenging materials to process due to its extreme mechanical hardness and chemical inertness, and further complicated by crystal planes that behave differently under mechanical and plasma processing. A variety of methods for diamond surface structuring have been investigated including inductively-coupled plasma etching [5, 6] , ion beam milling [7, 8] , plasma reactive ion etching [9] , ion-implantation with chemical etching [10] , and laser ablation [11] . Laser ablation has the convenience of being a direct write process, but there are major challenges in creating high resolution and graphite-free features. An optical etching process that can offer increased resolution without causing graphitization and underlying damage will allow much greater flexibility than currently available.
Laser induced desorption (LID) may be distinguished from laser ablation by lower incident pulse fluences and intensities, and by a mechanism of mass removal that involves bond breaking and ejection of surface atoms or molecules via the decay of electronically or vibrationally excited quanta rather than via thermo-mechanical or electrostatic forces (e.g [12, 13] .). LID has been observed in a wide variety of materials with desorption rates dependent on many variables in addition to the photon energy and fluence such as the substrate temperature and the presence of chemical reactants at the surface. Material removal rates are typically less than an atomic layer per pulse and can be achieved without substantial heating of the substrate. As a result, the technique is well suited to a range of surface atomic and molecular diagnostics such as laser mass spectrometry (including biomolecular analysis using matrix assisted laser desorption and ionisation) and surface chemistry studies in addition to micro and nano-structuring applications [14] . For diamond, LID has been observed recently by using pulsed near band-gap laser irradiation [15, 16] . Kononenko et al [15] showed that diamond was etched in air at rates 0.1-1x10 3 nm/pulse, which is orders of magnitude slower than rates typical of ablation (> 1 nm/pulse [17] ), when using sub-ablation threshold laser pulses of wavelength 248 nm. In studies of UV pumped diamond Raman lasers, pits approximately 50 nm deep were etched into the uncoated facets by repeated exposure to 266 nm laser pulses of duration 30 ps, with etch rates as low as tens of carbon atoms per pulse [16] .
Improved knowledge on the desorption mechanism is crucial for assessing the flexibility and utility of LID in creating diamond micro-and nano-structures. In etching reports to date [15, 16] , the rate is a nonlinear function of the incident pulse fluence. Kononenko et al [15] also noted that the presence of oxygen at the surface was crucial to the etching process and proposed that the likely mechanism for material ejection was by enhanced oxidation of the surface due to two-photon excitation of electron hole pairs near the surface. The fine control afforded by LID-based etching heralds substantial promise for expanding the range of diamond structures possible using versatile all-optical processes. However, the characteristics of diamond LID are not well known and further investigation is required in order to determine resolution limits of the process and the properties of the etched surface.
In this paper, we report a detailed characterisation of the etch rate and etched surface structure upon exposure to pulsed deep ultraviolet radiation. We show that the etch rate closely follows a square relationship with the incident pulse fluence, as expected for a 2-photon process, and that this relationship holds across the incident beam profile and over a large range of incident fluences up to the ablation threshold. Surface sensitive partial electron yield near edge x-ray absorption fine structure (NEXAFS) spectroscopy shows that etched surface is oxygen terminated and graphite free. We deduce that the process is thresholdless and highly promising for creating a range of smooth structures with spatial resolution at least down to the micron scale.
Experimental Description
Single crystal Type IIa (Electronic grade, Element 6) and polycrystalline (Diafilm, Element 6) diamond samples were studied. The surfaces were cleaned using a hot oxidizing acid solution to ensure an oxygen terminated surface. The samples were irradiated using a 266 nm laser (JDSU Q-series Q-201HD 532 nm with custom second-harmonic conversion) of pulse duration 11 ns, pulse repetition rate 7-14 kHz and incident powers up to 300 mW. The linearly-polarized output beam was focused using a 25 mm focal length objective (LMU-5X-UVB, Thorlabs) to a ω 0 = 4.8 ± 0.2 µm radius spot on the sample surface. Standard definitions for ω 0 and fluence which refer to the radius at the 1/e 2 value of the maximum with spot area taken as πω 0 2 /2 were used. In order to investigate etch rates as a function of fluence for fixed spatial properties of the incident beam, it was important to operate the laser at a fixed output power and attenuate the beam prior to the focusing using a combination of reflective filters with low residual absorption.
The depth, shape and roughness of the etched surface were measured using an interferometric profiler (VEECO, Wyko NT3300). Surface composition and electronic structure were investigated using NEXAFS using the high resolution soft x-ray spectroscopy beamline at the Australian Synchrotron (Melbourne, Australia). The background pressure during these measurements was 10 10 mb. The measurements were performed in partial electron yield mode, to maximise the surface sensitivity of the technique [18] .
Results
The morphology of laser treated diamond surfaces was investigated as a function of incident fluence both above and below the ablation threshold for [100] Type IIa samples. The threshold is defined here as the minimum laser fluence for ablation damage when using a burst of 60 laser pulses with a duration of approximately 50 ms (corresponding to the shortest exposure time available from the shutter) and corresponds to 37 ± 3 µJ of incident energy or pulse intensities of I p = 9.2 GW/cm 2 (101 J cm 2 in 11 ns). Figures 1(a)-1(c) shows microscope images of the exposed surface for laser intensities 1.1, 0.6 and 0.07 times the threshold. Just above the ablation threshold, pits approximately 10 times the diameter of the incident beam were ablated within the minimum exposure time. The ablated pit typically exhibits cleavage along major crystal planes (eg., [111] ) and dross typical of explosive mechanical ejection of large particles. The depth created during the 60 pulse burst corresponds to an approximate ablation rate of 1500 nm/pulse. The ablation rate and morphology is consistent with the strong laser interaction of the beam with the sample via the production of graphite characteristic of nanosecond ablation reported previously (see e.g [19] .). .67 µm respectively, and the pulse rate 7.5 kHz. In a), the beam size is indicated by the dashed circle. For b) and c), the contrast was enhanced using differential interferometric contrast mode. d) 3-D rendered optical interferometric profile image of the pit in b). e) An example of an arbitrary pattern created by the direct write process using a scan speed of 9 µm/s and 120 repetitive scans. Note that in d) and e), the colour bar spans a range of 600 nm and 350 nm respectively, and the raised section on one side of ablated regions where there is discontinuity in the gradient is a known artifact of the measurement system [20] .
Below the ablation threshold, the material removal rate is orders of magnitude slower and pits are only observable using a microscope when using much longer exposure times (> 5s). Etched pits of depth less than 1 micron and aspect ratio less than 0.15 were investigated in order to avoid side-wall effects on the etch rate and shape. In this regime, the depth is proportional to the number of cumulative pulses as shown in Fig. 2 for the case of the incident fluence 34 J cm 2 and yielding an average etch rate of 6.4x10 4 nm/pulse. Incubation effects on the etch rate during the initial exposure period, if present, are not observable for the typically large number of pulses used (>10 5 ). The etched-pit morphology is in stark contrast to ablation; the pits are of similar diameter to the incident beam, are smooth and appear on the front and back sides of the sample. All analysis presented herein is on the microstructures of the first surface to avoid complications in the analysis arising from the subsequent defocusing of the transiting beam. Fig. 1(c) , which was created over a period of 2-3 hours, is attributable to drift in the focal spot position that occurs for the system over extended periods. The pit in Fig. 1(b) was etched in a 30 s period and represents the minimum width observed. Figure 3 shows a comparison of the pit etched with incident laser beam profile. The pit width is narrower than the beam and more closely follows the square of the beam profile, i.e., the pit width is approximately equal the beam width divided by 2. Taking into consideration uncertainties in the beam and pit profiles, the pit and beam widths are consistent with an I p 2 relationship between the etch rate and the incident intensity as discussed in more detail below.
The etch rate as a function of pulse fluence varies nonlinearly with fluence up to the ablation threshold as shown in Fig. 4 . Rates were measured for the range 1-60 J cm 2 by varying the time period for etching to etch pits of depth in the range (100-800 nm) and using the fact that the etch depth is proportional to the number of incident pulses for all fluences (refer Fig. 2 ). This procedure ensured that etch rates could be measured accurately over several orders of magnitude whilst maintaining a pit aspect ratio sufficiently small (<15%) to avoid side-wall effects during the etching process and depth measurement procedure. Just below the ablation threshold (60 J cm 2 ), the etch rate was 2.5 × 10 3 nm/pulse. As the fluence was decreased, the etch rate decreased with approximately the square of the incident power. A least squares regression to the data yields a dependence of I p x where x = 1.88 ± 0.16 with uncertainty taken as twice the variance. The power factor is consistent with the I p 2 relationship expected for a two-photon process underpinning the desorption rate. At low fluences (1.1 J cm 2 ), the etch rate is less than 10 6 nm/pulse which corresponds to approximately 27 000 atoms/pulse over the area of the beam or approximately 0.001% of the exposed surface atoms. Analysis of the etched surface smoothness and chemical structure was undertaken using the optical interferometric profile and NEXAFS spectroscopy measurements. For both these procedures it was important to create a larger etched region, which was achieved by placing the sample on a computer controlled compound stage and slowly translating the sample (at rates typically < 10 µm s 1 ). In this manner arbitrary shaped etch patterns could be created as shown in Fig. 1(e) . After etching to 300 nm deep, the rms roughness of the surface increased from 1 nm to 3 nm as measured using the phase shift interference mode of the optical profilometer. The NEXAFS measurements were undertaken in the range 280-305 eV (C K-edge) in partial electron yield mode with an electron analyzer energy of 165 eV, for which the mean free path of Auger electrons, and thus the surface sensitivity, corresponds to a few (<5) atomic layers. A rectangular area 430 µm x 200 µm wide was etched to match the expected spot size of the synchrotron beam. The etch depth was 50 nm. An ablated 500 µm rectangular grid was placed around the etched area to enable the etched surface to be conveniently located in the NEXAFS spectrometer. The NEXAFS spectrum for the etched surface is presented in Fig. 5 (blue curve). The bulk x-ray absorption edge occurs at 289 eV, with the observation of a strong C 1s core-hole exciton resonance. The pre-edge region contains information on unoccupied surface electronic states within the band gap. Two clear features of differing origin are observed. Feature A is associated with sp 2 hybridized carbon [18, 21] . The spectrum for freshly cleaved highly oriented pyrolytic graphite (also included in Fig. 5 ) clearly shows the peak energy and magnitude corresponding to a graphite surface. The small sp 2 signal appearing in the spectrum of the etched surface is not attributed to generation of etchinginduced sp 2 but due to slight overlap of the x-ray beam with the graphite-containing locating grid as confirmed by comparison with the spectrum of the virgin surface containing an ablated grid of twice the density (red curve). Feature B is associated with oxygen termination and in particular the "top" bonded (ketone) oxygen [22] . The similar areas of B in the etched and unetched spectra indicate no major change in the level of "top" bonded oxygen termination between the initial chemically oxidized surface and the laser etched one. 2 hybridized carbon which appears in the etched and un-etched spectra due to presence of graphite containing locator grids.
Discussion
The observed etch rate and surface analysis of the treated surface allow us to make the following conclusions about the etching process:
1. Etching is observed at pulse fluences and peak powers at least two orders of magnitude lower than characteristic fluences for ablation. The etch rate scales with approximately the square of intensity and this relationship is reproduced as a function of position on the surface in accordance with the incident beam profile.
2. The intrapulse etch rate, defined here as the etch depth per pulse divided by the pulse duration FWHM, has a similar dependence on pulse irradiance for ns and ps pulses. When plotted alongside the picosecond measurements of ref [16] (20 ps pulses at 78 MHz repetition rate) and the 248 nm results in ref [15] (15 ns pulses at 100 Hz) as shown in Fig. 6 , it is evident that the intrapulse etch rates have a similar dependence on incident intensity suggesting that the rate is largely independent of pulse duration in the range 10 10 -10 8 s and pulse repetition rate in the range 10 2 -10 8 Hz. The I p 2 dependence observed in this study reveals a proportional relationship between the energy absorbed by the two-photon process (proportional to βI p 2 Δt where β is the TPA coefficient and Δt is the pulse duration) and the number of ejected atoms. The etch rate for 15 ns pulses at 248 nm at pulse repetition rate <100 Hz [15] also shows similar dependence but at a systematically higher rate. The higher rate may partially result from the higher TPA coefficient for the shorter wavelength (β 248 = 1.60 cm GW 1 and β 266 = 1.48 cm GW 1 [17] ), although this is not enough to completely explain the difference. The observed independence with pulse repetition rate from 78 MHz to less than 100 Hz is expected given that multi-pulse effects are unlikely to be significant due to the short relaxation time of free carriers and surface thermal gradients (less than a nanosecond [23, 24] ) compared to the interpulse period. Fig. 6 . Comparison of the intrapulse etch rate as a function of pulse irradiance (filled circles) with etching for 20 ps pulses at 266 nm and 78 MHz repetition rate reported in ref [16] (hollow circles) and for 15 ns pulses at 248 nm and pulse rate <100 Hz [15] (hollow squares).
example [25] ). Thus 2-photon etching is promising for creating a range of low scatter loss optical surfaces.
4. The etched surface is oxygen terminated and free from graphite. In contrast, graphite formation is intrinsic to laser ablation [11, 17, [26] [27] [28] , and ablated features are often characterized by cracking, spalling, crater-halo and debris [28, 29] . Although ultrafast machining has enabled reduced formation of graphite [17] , and improved resolution [17, 30] , the absence of graphite in the etched surface observed herein is crucial to enabling linear cumulative etching (as shown in Fig. 2 ) and an advantage for avoiding post processing (such as ozone, plasma, annealing or chemical treatments).
5. Etching is found to proceed at rates largely independent of the facet direction. We observe etch rates for [100] and polycrystalline surfaces within approximately 20% (as shown in Fig. 2 ). Etching was also reported [16] for Brewster angled surfaces (63.7 degrees from [110]) at rates similar to the present study when taking into consideration the shorter pulse duration (see Fig. 6 ). We have also undertaken preliminary etching investigations of polished [110] surfaces which suggest that etching also proceeds at a rate similar to that seen for other surfaces.
These observations reveal that UV etching of diamond in air is a promising and highly versatile method for slow and controlled removal of surface atoms. The most striking observation is the I p 2 dependence of the etch rate over a large range of pulse durations and pulse rates. Such a well-defined etch rate dependence spanning 3 orders of magnitude, which has not been seen in any other material as far as we are aware, is indicative of a mechanism of particle ejection that is a direct consequence of TPA. TPA by the surface atoms and in the bulk needs to be considered. We discount TPA in the air adjacent the surface due to the small cross-section for TPA in any major air constituents and due to the weak influence on etch rate we observe in the pressure range 1-1000 mb. Kononenko et al deduced that thermal processes were too small to account for any observed enhancement of surface oxidation and proposed that surface oxidation was mediated by electron-hole recombination in the diamond bulk [15] . At room temperature, electron hole pairs in diamond form Wannier-Mott excitons with binding energy 80 meV and potential energy just below the indirect band gap [31] . These excitons may diffuse to the surface and give up the stored energy (5.2 eV) to break surface bonds. The exciton energy is sufficient to desorb CO from [100] surfaces, for example, which has an activation energy of desorption of 1.67 eV [32] . If exciton decay at the surface is the dominant cause of desorption, the diffusion length of excitons will be a crucial parameter determining the etching rate and the minimum spatial resolution of etched structures. One would expect that the minimum feature size would be comparable to, or longer than, the diffusion length L ex . Our results suggest that L ex is less than a few microns to account for the observed diameter of the etch pit of less than 5 µm. An upper bound of 5 µm for L ex was deduced on the basis of photo-electron emission yield measurements [33] . However, there seems to be some uncertainty in the value with other reports suggesting values from 200 nm [31] to 200 µm [34] . We note that if L ex < 200 nm, the calculated probability for an exciton created by TPA within L ex of the surface to eject a single carbon atom exceeds unity. If L ex is longer than 5 µm, it may be necessary to consider absorption in the adsorbed oxygen layer to account for the sub-5 µm resolution observed herein.
A notable corollary of the two-photon desorption mechanism at sub-ablation fluences is that etching persists for very low UV fluences, and that even under incoherent illumination diamonds will steadily lose mass. However, the effect under ambient light conditions is rather insignificant. For example, continuous wave Hg lamp illumination at 253 nm for typical irradiances (0.1 W cm
2
) would require approximately 10 10 years to desorb a significant mass (e.g. 1 µg) from a surface a few millimetres square. Under sunlight conditions the etching rate is even slower due to the reduced irradiance (10 4 W cm 2 ; 300-350 nm) and the reduced probability for TPA at longer wavelengths. Of more practical significance, the I p 2 dependence is of interest for enabling etching using methods other than laser direct-write and sources other than Q-switched and ultrafast lasers. The field enhancement provided by wavelength scale probe structures (such as those used in scanning near field microscopy) can provide adequate etch rates at small pulse energies (eg., [35] ). Projection of patterns using broad area mask imaging and interferometric methods are also interesting avenues for creating high resolution structures. Progress in AlGaN quantum well diode lasers emitting in the deep UV regime (see. e.g [36] .) may lead to highly compact sources suitable for etching small areas. Depending on the aforementioned diffusion characteristics of the two-photon excited state, the combination of high resolution scanning methods and pulse fluences corresponding to near single atom removal rates may be an attractive and flexible technique for atomic removal from diamond surface atoms with near single atom precision.
In conclusion, etching of diamond in air is observed at etch rates 10 6 -10 3 nm/pulse using nanosecond pulses at 266 nm. The oxygen termination of the surface is preserved and free from sp 2 hybridized carbon and graphite. Carbon removal is proportional to TPA of the incident beam and occurs over a large range of fluences up to the ablation threshold. The absence of a threshold indicates substantial promise for enabling a wide range of high resolution structures using diverse techniques such as direct write processing, near-field, masking and interferometric illumination.
